Phase change materials (PCMs) are used for latent heat storage. Most promising applications of PCMs are waste heat recovery systems, solar heating systems, building energy conservation systems, and air-conditioning systems. Macroporous poly(ethylene dimethacrylate) (PEDMA) carrier beads were formed by the suspension polymerization technique, imbibed with paraffin or cetyl alcohol phase change materials and coated with a silica shell to prevent their aggregation and the leakage of PCM. PEDMA beads contained 75.6 % paraffin and 53.1 % cetyl alcohol resulting in high latent heat storage capacities. The melting and crystallizing enthalpies were 132.6 and 133.4 J/g, respectively for paraffin-loaded capsules, while 89.6 and 88.6 J/g, respectively for cetyl alcohol containing beads. The excellent latent heat storage of the capsules was retained after 1,000 heating-cooling cycles indicating that the capillary forces of the silicacoated porous polymer beads efficiently prevented the leakage of the PCMs.
Introduction
A reduction of the energy consumed in buildings is one of the priorities of the EU aims. To achieve this goal it is essential to enlarge the share of renewable and natural energy sources for the heating, ventilation and cooling of buildings (Arkar and Medved, 2007) . Solar energy is considered to be one of the most promising sources of energy, owing to its clean and renewable characteristics (Wu and Zhao, 2011) . The use of solar energy for heating has been utilized for a long time in passive systems; however, the efficiency of natural heating and cooling could be enhanced by equilibrating the daily fluctuations. Thermal energy storage provides a reservoir of energy to adjust the gap between the demand and the availability. Latent heat storage is one of the most attractive techniques due to high storage density. Phase change materials (PCMs) can store a large amount of thermal energy with a constant temperature due to their high latent heat during the phase transition. However, the applications of PCMs in the thermal energy storage systems are limited by their low thermal conductivities. The major drawback of latent thermal energy storage can be diminished substantially by microencapsulation. Recently, microencapsulation of PCMs has been utilized in thermal energy storage, functional fibers, thermal insulation, heating, and air conditioning of buildings (Sari et al., 2009 ). Moreover, a PCM-based storage unit has much less weight and after optimal engineering the energy stored by conventional building materials could be improved (Saman and Halawa, 2005) .
If the microcapsules are dispersed in a fluid (mostly water), a pumpable slurry is formed, that can be used as an energy transport-and storage-medium, a so-called PCM slurry. PCM is present as the core in microcapsules and a polymer or inorganic shell maintains the shape and prevents PCM leakage during the phase change process (Qiu et al., 2013) . The advantages of microencapsulated PCMs are the protection of PCM against the influences of the environment, increasing the specific heat-transfer area, and due to the suitable coating the composite withstands changes in the volume of PCM, as the phase change occurs (Li et al., 2011 ).
Significant efforts have been made to improve the thermal conductivity of PCMs by shapestabilization and microencapsulation. An effective mechanism can be the incorporation of metal of high thermal conductivity, e.g., Cu ions were successfully utilized for this purpose (Tang et al., 2012) .
Paraffins are versatile PCMs, since one can select an appropriate compound from a wide melting and solidifying temperature range for the required application. They have large latent heat capacity, low vapour pressure, negligible supercooling, good thermal and chemical stability, and self-nucleating behaviour. Cetyl alcohol is also a useful PCM possessing the mentioned beneficial properties. Most recently, Tang et al. (2016) synthesized cetyl alcohol-dyepolyurethane composite by entrapping the PCM into a visible light-driven matrix. The novel composite presented an extremely high phase-change enthalpy and suitable phase change temperature.
Several methods have been used for microencapsulation of paraffins by entrapping them into organic shells by e.g. emulsion-solvent evaporation (Feczkó et al., 2014) or coacervation (Uddin et al., 2002) . Miniemulsion method and in situ polymerization of organic shell are also frequently used for the production of capsules composed of PCM core and polymer shell (Ma et al., 2012) . Other techniques include absorption, solution intercalation, and ultrasound assisted sol-gel method (Tang et al., 2014 ) that offers advantage of simplicity and low cost (Tang et al., 2013) . Optionally, liquid PCM is mixed with a molten polymer to create a supporting matrix similar to a foam within the PCM itself. These types of composites are generally entitled as shape-stable PCMs. The polymer matrix provides a compact shape to the PCM, and when it melts, the liquid phase is fully contained within the matrix due to capillary forces (Ehid et al 2012) . Since the energy storage is the function of the amount of PCM, it is desirable to stabilize the material with as little amount of polymer as possible. The shape-stable PCMs can be classified into two groups: solid-solid and solid-liquid PCMs (Hong and Ge, 2000) . The first group involves the molecular crystals, which undergo solid-state crystal transformations accompanied with absorbing/releasing sufficient heat, and polymers cross-linked by chemical agents or by electron beam irradiation. The second category includes composites obtained by dispersing PCMs into higher melting-point materials acting as supporting media. As long as the operating temperature is below the melting point of the supporting material, the composite preserves its shape even if the PCM changes from solid to liquid.
In this study, a novel approach was utilized to form new type of PCM composite capsules. Two generally applied techniques were combined for the first time according to our knowledge, in order to improve the properties of the formed PCM capsules. That is, shape-stable PCMs were covered by silica shell prepared by sol-gel method. Shape-stabilization was achieved by preparing porous poly(ethylene dimethacrylate) (PEDMA) bead carrier using suspension radical polymerization, and by filling them with paraffin or cetyl alcohol PCMs via dipping. To inhibit PCM leaking, the silica shell was prepared by hydrolysis and condensation of silane. The PEDMA microspheres have the function of shape-stabilized PCM, which prevents leakage. As shown in another work (Khadira et al., 2015) , the porous network may prevent the leakage of PCM by the capillary and surface tension forces. Additionally, the layer of silica nanoparticles is capable to inhibit the PCM leakage. This complex composite is more advantageous compared to the simple core-shell structured microcapsules, since our microspheres would presumably keep the most of the PCM even after a surface damage.
Experimental

Materials
Ethylene dimethacrylate (EDMA; Ugilor S.A., France) was distilled before use under vacuum. 
Synthesis of macroporous beads
The PEDMA beads, later on filled with cetyl alcohol, were prepared via polymerization of EDMA as follows. Aqueous 0.2 wt.% Methocel 90 HG solution (6 l) was charged in a 10 l reaction vessel, solution of EDMA (800 g), toluene (885 g), 1,2-dichloroethane (315 g) and AIBN (4 g) were added under stirring at 90 rpm, and the reaction mixture was heated to 75 °C for 6 h. The resulting beads were washed with water, toluene and methanol, and dried at room temperature.
The PEDMA beads, later on filled with paraffin, were obtained by polymerizing EDMA (7.5 or 6 g) with BPO (0.075 or 0.06 g) and cyclohexyl acetate (22.5 or 24 g) in aqueous 0.1 wt.% Methocel 90 HG solution (90 ml) at 70 °C for 16 h under stirring at 300 rpm under CO 2
atmosphere. The resulting beads were washed with water, acetone, water, and dried at room temperature and then at 80 °C. The two types of beads described above were prepared in reaction vessels of different sizes. Large reaction vessel requires lower stirring speed than the small one, if stirring intensity is intended to be the same, i.e., to get particles of approximately similar size.
Loading of phase change materials into beads and encapsulation by silica shell
Cetyl alcohol and paraffin were selected as phase change materials to be incorporated, because they possess high latent heat. Macroporous PEDMA beads (2 g) were dispersed in molten PCM (5 g) which was loaded at 65-100 °C. The particles were separated by centrifugation using a stainless sieve and again dispersed in aqueous 0.1 wt.% Methocel 90 HG solution (20 ml) at 70 °C in 50-ml reaction vessel under stirring with an anchor-type stirrer (500 rpm).
TMMS (1.36 g; 10 mmol) was hydrolyzed in 0.01 M HCl (0.54 g; 30 mmol) at room temperature to yield SiMe(OR) 3 hydrolysate. The volume of the mixture was adjusted to 5 ml by adding water. The TMMS hydrolysate (1 ml) was added to the resulting PCM-PEDMA beads, the suspension was stirred at 70 °C for 3.5 h, and the product was washed eight times in 0.01 wt.% Tween 20 (100 ml each). Finally, the composite beads were dried in air. The scheme of macroporous beads imbibing and coating by silica is shown in Figure 1 .
Characterization methods
Carl Zeiss optical microscope (Germany) and Philips/FEI XL30 environmental scanning electron microscope (ESEM) operated at 25 kV were used for the imaging of the particle surface. The surface was sputter-coated by a 15-nm thick Au/Pd layer before the SEM investigation. Silica shell was analysed using the same electron microscope equipped with EDAX Genesis EDS spectrometer operated upon energy dispersive X-ray spectroscopy. Quanta 200 FEG scanning electron microscope (SEM; Fei, Brno, Czech Republic) was used for the observation of the particle cross-sections; the particles were embedded in London White Resin (LWR) and ultramicrotomed (Ultrotome III, LKB BROMMA 8800). The particle size distribution was The PCM content was calculated after the beads (100 mg) were crushed in a mortar, and the PCM was extracted 3 times from the particles by chloroform (5 ml each). The remaining material was weighed and the PCM content calculated. The specific surface area (S BET ) of the microspheres was determined by nitrogen adsorption (77 K) using a Gemini VII 2390 Analyser (Micromeritics; Norcross, GA, USA). Pore volume was determined from cyclohexane or 1-chlorododecane regain using centrifugation method (Stamberg and Sevcik, 1966) .
Thermogravimetric analyses (TGA) were performed in air (50 ml/min) using a Perkin Elmer Pyris 1 Thermogravimetric Analyser over a temperature interval 30-600 °C at a heating rate of 10
The thermal properties of the microcapsules were determined using a Setaram μDSC3evo differential scanning microcalorimeter. The beads were weighed into 100 l aluminium crucibles, and ethylene glycol as a heat transferring medium was added, which covered the particles, and the system was closed by a cap. The samples were cycled with a scanning rate of 0.6 °C/min. The results were processed by the thermoanalyzer's Calisto Processing (v1.38) software. The corresponding melting/freezing enthalpies and onset temperatures were determined by the baseline integration method (Tangential sigmoid baseline type).
In thermal cycling tests the thermal reliability of the microencapsulated PCMs was determined.
One thermal cycling test included the heating till the complete melting by exceeding the melting points with 20 °C, and the cooling to 20 °C below the freezing points, resulting in the complete freezing of the phase change materials in the capsules. One heating-cooling cycle took 4 minutes.
The tests were performed consecutively up to 1,000 thermal cycles were performed. The microcapsules were warmed by a heating circulator (Julabo EH, Germany) and cooled by a Peltier element. DSC analysis was performed using Setaram μDSC3evo in order to investigate the thermal reliability of the composite PCMs after thermal cycling.
Results and Discussion
Size, morphology, surface area, porosity and PCM content in the beads
Macroporous beads were prepared by the AIBN/BPO-initiated suspension radical polymerization of EDMA in the presence of an inert porogen. Based on preliminary polymerizations, the porogen for the preparation of cetyl alcohol-containing PEDMA beads was a mixture of toluene and 1,2-dichloroethane. The polymerization of neat EDMA provided highly crosslinked particles possessing high specific surface area and small pores (Table 1) . PEDMA beads intended for cetyl alcohol absorbtion were 0.5-1.5 mm in size (average diameter 758 m) ( Table 2 , Figure 2 ), had specific surface area 435 m 2 /g, and pore volume 3 ml/g.
PEDMA microspheres for paraffin uptake were prepared using cyclohexyl acetate porogen. Their particle size distribution was broader (0.6-2 mm) than that of the beads prepared for cetyl alcohol imbibing. The specific surface area of beads was 513 m 2 /g ( Table 1 ). As expected, the pore volume of these microspheres was substantially larger (3.9 ml/g) than that of the carrier of cetyl alcohol. Both types of the carrier beads had spherical shape (Figure 3 ). The higher polydispersity was found in beads filled with paraffin, analyzed by optical microscopy. The SEM of crosssection of beads embedded in LWR resin is shown in Figure 4 . While the PEDMA particles synthesized for cetyl alcohol absorbtion contained numerous macropores ( Figure 4A ), the inner morphology of the PEDMA beads for paraffin imbibing ( Figure 4B ) contained smaller and rather homogeneous pores.
It is an important advantage of the PEDMA beads that they are rather hydrophobic, i.e., compatible with the PCMs, which facilitated their fast imbibition in the pores and air displacement thanks to the low interfacial tension. After PCM loading, the particles were dispersed in aqueous [(2-hydroxypropyl)methyl]cellulose solution and coated with a silica shell using trimethoxy(methyl)silane (TMMS) hydrolysate. It was shown in a previous report that condensation of silanols results in siloxanes which interact with the particle surface (Grama et al., 2014) .
The hydrolysate was formed from TMMS under mild conditions, i.e., in highly diluted HCl solution at room temperature. Finally, the beads were thoroughly washed to remove nonencapsulated PCM. The pores of PEDMA beads were fully filled with the amorphous PCM ( Figure 5A ). Using [(2-hydroxypropyl)methyl]cellulose as a stabilizer, individual and separated silica-coated polymer beads were formed and well-dispersed in water. Compact silica shell composed of nanoparticles on the surface of the polymer microspheres was confirmed by the SEM image ( Figure 5B) ; moreover, presence of the silica was confirmed by EDAX analysis ( Figure 5C ).
Conclusions
A novel approach was used to microencapsulate paraffin and cetyl alcohol phase change materials in the macroporous methacrylate-based beads prepared by the suspension polymerization method, and the PCMs were filled into the PEDMA carriers by imbibing. In order to prevent particle adhesion/aggregation and PCM release, the PCM-loaded beads were coated with a protective silica shell composed of silica nanoparticles. Both composites possessed high heat capacity, nevertheless, due to the substantially higher PCM content the PEDMA-paraffin beads had significantly higher latent heat storage capacity. After 1,000 heating-cooling cycles it was verified that there was no leakage of the PCMs from the composites, which indicated that the composites had excellent shape-stable performances. Hence, it can be concluded that the capillary forces of the porous polymer carrier and the silica layer prevented the leakage of the PCMs. Table 2 
